The combined effects of overload-induced enlarged compressive residual stresses and crack tip blunting with secondary cracks are suggested to be responsible for the observed changes in the crack opening load and resultant post-overload transient crack growth behavior [Lee SY, Liaw PK, Choo H, Rogge RB, Acta Mater 2010;59:485-94]. In this article, in situ neutron diffraction experiments were performed to quantify the influence of the combined effects by investigating the internal-stress evolution at various locations away from the crack tip. In the overload-retardation period, stress concentration occurs in the crack blunting region (an overload point) until a maximum crack arrest load is reached. The stress concentration is then transferred from the blunting region to the propagating crack tip (following the overload), requiring a higher applied load, as the closed crack is gradually opened. The transfer phenomena of the stress concentration associated with a crack opening process account for the nonlinearity of strain response in the vicinity of the crack tip. The delaying action of stress concentration at the crack tip is understood in conjunction with the concept of a critical stress (i.e. the stress required to open the closed crack behind the crack tip). A linear relationship between De eff and DK eff provides experimental support for the hypothesis that DK eff can be considered as the fatigue crack tip driving force.
Introduction
Improvement in the lifetimes of numerous engineering components exposed to fatigue is highly dependent on an accurate understanding of the fundamental principles of the failure mechanism. One aspect that is still not completely understood is the overload-retardation micromechanism and crack closure behavior in structural materials subjected to fatigue. A variety of nondestructive diffraction techniques, e.g. laboratory X-ray diffraction [1, 2] , neutron diffraction [3] [4] [5] [6] [7] [8] [9] , and high-energy synchrotron X-ray diffraction and tomography [10] [11] [12] [13] [14] , have been utilized to examine fatigue-crack deformation and failure characteristics during fatigue crack growth, including a fatigue overload event.
The crack tip stress distribution was examined at the surface of the sample using laboratory X-ray diffraction. Ramos et al. [2] investigated the residual stress fields in the vicinity of the crack tip on the overloaded samples with overload ratios of 2 and 3. They measured residual stresses in the crack opening direction as a function of distance from the crack tip by providing the stress information at the surface of the sample. They showed that an increase in the overload ratio from 2 to 3 causes the compressive residual stresses to increase and to extend over a larger distance ahead of the crack tip. As a result, an overload ratio of 3 gives rise to a greater fatigue-life extension than that observed with a ratio of 2. They pointed out that a retardation behavior is related to the compressive residual stress distribution ahead of the crack tip, which, in turn, depends on the size of the overload monotonic plastic zone.
It is well established that neutron diffraction enabled the measurements of crack tip strain/stress fields in the bulk of cracked samples [3] [4] [5] . Sun et al. [6] investigated the elasticlattice strain evolution during tensile loading and unloading cycles using neutron diffraction. After the tensile overload, they observed that a large compressive strain is generated near the crack tip. Lee et al. [7] [8] [9] showed the internal-strain evolution, residual strain/stress distribution, crystallographic lattice distortion and dislocation density distribution around a crack tip using neutron diffraction and X-ray microbeam diffraction.
A high-energy synchrotron X-ray beam has also been employed to understand the overload-retardation phenomena by mapping crack tip strain/stress fields with higher spatial resolution. Steuwer et al. [11] examined the local geometry of fatigue crack growth and associated crack tip strains/stresses, in particular with respect to crack closure using high-energy synchrotron X-ray tomography and diffraction. They found a compressive enclave in the crack wake and a significant compressive zone at and behind the crack tip following a 100% overload. Withers et al. [12] employed high spatial resolution X-ray microtomography to map the variation of crack opening displacement (COD) across matrix cracks in unidirectional Ti-6Al-4V/SCS-6 SiC fiber composites. They observed the tomography sequence by applying an overload of 3K max . They found that this level of overload introduces considerable local plasticity, interface sliding, residual COD and crack tip blunting.
Recently, detailed work on overload effects was reported by Croft et al. [13] . They compared the crack tip residual strain fields on the compact-tension specimens representing different fatigue stages (e.g. just before the overload, immediately after the overload, maximum retardation point and 50% retardation point) using synchrotron X-ray diffraction. They also observed the elastic-strain evolution in the vicinity of the crack tip at five different in situ loading levels. They investigated the strain change (De yy ) and maximum strain (e yy ) and correlated them with the crack tip driving force using a unified approach (the combined form of DK and K max ) [15] [16] [17] . They assumed that the behaviors of strains De yy and e yy can be used as indicators of the behaviors of stresses Dr yy and r yy and of the crack tip stress intensities DK and K max . Their most interesting observation was the nonlinear load response of strains at different locations from the crack tip at the maximum retardation fatigue stage. They observed that the overload region dominates the response at low loads, whereas the crack tip region dominates at high loads. Their results indicate that a nonlinear load-dependent transfer of stress concentration between the overload and the crack tip regions is related to the post-overloading behavior. More recently, Steuwer et al. [14] reported two-dimensional crack tip stress field maps calculated from the two orthogonal in-plane strain components under the assumption of a plane strain condition. Their results showed significant compressive residual stresses both in front of and behind the crack tip immediately following the overload event. They also presented an effective crack tip stress intensity under the plane strain condition determined from measured synchrotron X-ray strain field data by comparison with the linear elastic fracture mechanics theory.
In summary, most of the previous studies have been devoted to the direct observation of the crack image and the crack-tip stress/strain fields. Systematic investigations to study a quantitative relationship between the experimentally measured stresses/strains and crack growth behavior are limited. Although Croft et al. [13] observed the nonlinear load response of strains at different locations from the crack tip at the maximum retardation point, it is still not clearly understood (i) what causes this phenomenon; (ii) why such nonlinear response occurs between overload and crack tip regions; or (iii) what the physical meaning of onset of nonlinearity is. To address these questions, the following two approaches are used for a better understanding of the overload-retardation micromechanism: (i) in situ observation of fatigue-crack deformation and fracture phenomena combined with simultaneous direct measurements of the crack tip strain/stress field; and (ii) more detailed in situ strain evolution during loading, which is essential to correctly determine the onset of nonlinearity of the strain response around the crack tip.
The companion paper (Part I [18] ) shows in situ crack opening/closing processes and associated residual stress distributions near the crack tip during fatigue crack propagation subjected to a tensile overload. The results in Part I revealed that the combined effects of the overload-induced enlarged compressive residual stresses and crack tip blunting with secondary cracks are responsible for the observed changes in the crack opening load and resultant postoverload transient crack growth behavior, based on the crack closure approach. In this (Part II) paper, in situ neutron diffraction experiments were performed to quantify the influence of the combined effects by investigating the internal stress distributions at various locations away from the crack tip. A total of 13 in situ loading levels were employed to examine the nonlinear load-dependent transfer phenomena of the stress concentration. These phenomena are understood in conjunction with the in situ crack opening process measured by the electric potential method (Part I [18] ). More specifically, Part II discusses the effects of residual stress, crack closure and crack tip blunting on the internal-strain evolution and resultant stress distribution near the crack tip, and their influences on the crack opening load, crack tip driving force and the crack growth behavior.
In situ internal strain measurements using neutron diffraction
Fatigue crack growth tests following a single tensile overload were carried out on a compact-tension (CT) specimen of HASTELLOY C-2000 alloy. More details for the material and crack growth test are described in Part I [18] . A total of 11 crack growth stages were selected to investigate the overload-induced transient crack growth behavior, as summarized in Table 1 . Part I [18] covered electric potential (EP) and neutron diffraction residual stress mapping (ND-RS); neutron diffraction in situ loading (ND-IL) is the focus of Part II. The lattice strain response at various locations around the crack tip during in situ loading is studied.
In situ neutron diffraction internal strain mapping was conducted using the Neutron Residual Stress Mapping Facility (NRSF2) at the High Flux Isotope Reactor of the Oak Ridge National Laboratory. The experimental setup for the neutron strain mapping is shown in Fig. 1 . The wavelength of 1.54 Å was chosen from the Si422 monochromator. The (3 1 1) diffraction peak was recorded in a stationary detector centered on a diffraction angle of 2h = 90°. The specimen was aligned at 45°from the incident neutron beam, and thus the diffraction vector (Q) was parallel to the crack opening direction (i.e. parallel to the fatigue-loading direction, Fig. 1 ) of the CT specimen. The incident beam was defined by 2 mm wide and 1 mm tall (x-direction, Fig. 1 ) slits, and the diffracted beams were collimated by a 2 mm wide slit, resulting in a 4 mm 3 gauge volume. The d-spacings, determined from the Gaussian fitting of the (3 1 1) diffraction peak, along the crack opening direction were measured to obtain the crack-opening strain (e y ) component. The lattice strains were then calculated from:
where d 0 is the stress-free reference lattice spacing measured away from the crack tip at a corner of each CT specimen. A total of six CT specimens representing various crack growth stages (i.e. 2a, 2c, 5-7 and 9; see Table 1 ) were prepared to observe the internal-strain evolution in the vicinity of the crack tip under applied loads. For each specimen, elastic-lattice strains in the crack opening direction (e y ) were measured as a function of distance from the crack tip along the crack propagation direction (x-direction; Fig. 1 ) at 13 different loading levels from P min to P max (i.e. 0.01, 0.1, 0.15, 0.2, 0.25, 0.3, 0.35, 0.4, 0.45, 0.5, 0.6, 0.8 and 1P max ). The crack tip location identified at the surface of the sample by scanning electron microscope was used as the "crack tip position" for spatially resolved neutron strain mapping. The scattering volume was positioned in the middle of the specimen thickness. To obtain the information of stress distribution in the vicinity of the crack tip under applied loads, several positions from the crack tip were selected. For example, the elastic-lattice strain was plotted as a function of applied load at a few Table 1 Details of 11 crack growth stages marked in Fig. 1 positions behind the crack tip (e.g. À2 and À1 mm) and ahead of the crack tip (e.g. 2 and 6 mm), and at the crack tip (0 mm) (see Fig. 2 ). From the observation of internalstrain evolution at the different locations from the crack tip, the internal stress distributions near the crack tip were inferred and bulk-averaged crack opening loads (COLs) were determined. The COLs obtained from in situ neutron diffraction are compared to those measured by the electric potential method reported in Part I [18] .
Results
Fig . 2 shows lattice strain evolution as a function of applied load measured at various locations away from the respective crack tips when the crack propagates through a crack growth retardation period. The symbols are experimental data measured using a neutron diffraction technique and the solid lines are the linear fitting to the data. The different starting points for each location are based on the distinct lattice strain profile around the crack tip at P min . The schematics at the tops of the figures show the geometry of a fatigue crack at each stage and the diffraction measurement positions as a function of distance from the respective crack tips. Fig. 2a presents the internal-strain evolution at stage 2a (just before overloading, Table 1 ). The lattice strain did not change with increasing applied load at the location of À2 mm. At the position of À1 mm, the lattice strain increased linearly upon loading up to about 0.3P max . However, the lattice strain did not change with increasing applied load above 0.3P max . The lattice strain at the crack tip increased gradually with increasing applied load, showing a slight change in a slope. At the locations of 2 and 6 mm in front of the crack tip, the clear change in a slope of lattice strain vs. load was examined. The lattice strain did not change when the load below about 0.33P max was imposed. On the other hand, the lattice strain increased linearly with increasing applied load above 0.33P max at both locations. A slightly larger change in the lattice strain vs. load slope was observed at 2 mm than at 6 mm ahead of the crack tip. Fig. 2b shows the lattice strain evolution immediately after overloading (stage 2c; Table 1 ) at the same positions indicated in Fig. 2a . Interestingly, the lattice strain at the location 1 mm behind the crack tip did not change with increasing applied load, and the changes in slope at the 2 and 6 mm locations ahead of the crack tip were not examined, which is distinctly different from stage 2a (Fig. 2a) . Fig. 2c shows the lattice strain evolutions at stage 5 (a maximum retardation point, Table 1 ). At the location of À1 mm, the lattice strain increased initially, but did not change when a load greater than 0.4P max was applied. At the location 2 mm in front of the crack tip, a change in the lattice strain vs. load slope was observed at 0.6P max . Fig. 2d shows the lattice strain evolutions at stage 6 ( Table 1 ). The change in the lattice strain was not found at the location of À3 mm. At the locations of À2 and À1 mm, the changes in the slope were examined at 0.3P max and 0.5P max , respectively. At the location 2 mm ahead of the crack tip, the lattice strain increased gradually with increasing applied load, revealing a change in the slope at 0.54P max , which was lower than that of stage 5 (Fig. 2c) . In Fig. 2e (stage 7; Table 1 ), the load value, where the slope changed at the location 2 mm ahead of the crack tip, further decreased to 0.45P max compared to that of stage 6 (Fig. 2d) .
Discussion

Internal-strain evolution, transfer of stress concentration and determination of crack opening load using neutron diffraction
The different lattice strain evolutions shown in Fig. 2a (stage 2a, before overloading; Table 1 ) are related to crack closure in a fatigue wake and the stress re-distribution varying with increasing applied load. When the load is initially imposed, the stress field is distributed near the closed crack (e.g. À1 mm and 0). Thus, only lattice strains at the locations of À1 mm and 0 (tip) increased linearly with increasing applied load, whereas the lattice strain did not change at the location of À2 mm, where the crack was fully open, and at the 2 and 6 mm locations, which are beyond the extent of the stress-concentration effects of the crack. As the load increases, the stress concentration moves toward the crack tip position with a gradual opening of the closed crack. The invariant lattice strains at the location of À1 mm, which are observed at load values above about 0.3P max , indicate that the closed crack became open at the À1 mm location. Finally, when the 0.33P max is imposed, the crack tip, where the stress concentration takes place, is fully open, and the locations as far away as 2 mm ahead of the crack tip are subjected to significant crack tip stress fields. As a result, the lattice strains at the locations of 2 and 6 mm began to increase linearly with increasing applied load above 0.33P max . Based on the distinct lattice strain evolutions at various locations from the crack tip, the COL of 0.33P max can be determined from a curve fitting at about 2 mm ahead of the crack tip, where the most distinguishable change in a slope occurs in the neutron diffraction results. This observation is consistent with that from the electric-potential measurement (Part I, 0.34P max ) [18] .
After overloading, the changes in slope shown in Fig. 2a at the locations of À1, 2 and 6 mm disappeared. It is evident that such a difference in the strain evolution also supports the crack blunting phenomenon after the overload (as shown in schematic at the top of Fig. 2b ) because the blunt crack leads to a stress distribution only in front of the crack tip. Hence, the resulting lattice strain at À1 mm behind the crack tip did not change, while the lattice strains at 2 and 6 mm ahead of the crack tip increased linearly with increasing applied load.
The lattice strain evolution at stage 5 (a maximum retardation point; Table 1 ) reveals the transfer of stress concentration. The change in the slope (at about 0.4P max ) at the location of À1 mm represents the onset of the transfer of stress concentration from a blunting region to the crack tip. As the load is initially imposed, stress concentration occurs in the blunting region due to the combined contributions of the crack tip blunting with secondary cracks occurring at an overload point and overload-induced enlarged compressive residual stresses accompanying the crack closure in the fatigue wake. The crack branching near the tip that occasionally occurs immediately after overloading partially contributes to the stress concentration in the blunting region. As a result, the stresses are distributed as a function of distance from the blunting region, and the lattice strain initially increases at À1 mm location (a crack blunting region), as well as locations ahead of the crack tip. When about 0.4P max is applied, the closed crack starts to open by overcoming the overload-induced combined effects in the crack closure region. When a higher load is applied, the closed crack is gradually opened, resulting in the transfer of stress concentration from the blunting region to the crack tip. The invariant lattice strain above about 0.4P max at the À1 mm location clearly showed that the closed crack was already open at this location, and the stress concentration has moved more toward the crack tip. When about 0.6P max is applied, the crack tip seems to be fully open and stress concentration occurs at the crack tip. The lattice strain response at the 2 mm location revealed the bulk-averaged COL of 0.6P max .
Figs. 2d and e also show the transfer phenomena of stress concentration from distinct internal-strain evolution at various locations from the crack tip. In Fig. 2d , when the load is applied, the stress is not applied at the location of À3 mm from the invariant lattice strain. However, at the location of À2 mm, which is slightly and behind the blunting point, the stresses increased up to 0.3P max , and then the stress concentration was transferred above this load level. It is noted that this load value was consistent with the maximum crack arrest load, 0.32P max , in Part I [18] . As the applied load increases from 0.3P max to 0.5P max , the lattice strain at the location of À1 mm still increases linearly, revealing that the stress concentration currently stays in this range. When a higher load was applied, the invariant lattice strain at the location of À1 mm showed that the stress concentration had already moved at 0.5P max , and was finally transferred at the crack tip, corresponding to 0.54P max , as revealed in the change of a slope at the location of 2 mm. Likewise, Fig. 2e shows that the stress concentration was gradually transferred from À2 mm (at 0.36 P max ) to the crack tip, resulting in a bulk-averaged COL of 0.45P max .
In Fig. 3 , the COLs measured using two different techniques, i.e. the electric potential [18] and in situ neutron diffraction (current paper), are compared. Note that the COLs obtained from in situ neutron diffraction are in good agreement with those measured by the electric potential method [18] .
4.2.
Influence of critical stress on the transfer of stress concentration, the crack opening stress, the effective stress range and the post-overload transient crack growth behavior
The companion paper (Part I [18] ) pointed out that the combined contributions of the overload-induced enlarged compressive residual stresses and crack tip blunting with secondary cracks are responsible for the observed changes in the COL within the retardation period and for the resultant post-overload transient crack growth behavior. The current neutron diffraction measurements revealed that in the overload-retardation period stress concentration occurs in the blunting region until a maximum crack arrest load is reached. The stress concentration is then transferred from the blunting region to the propagating crack tip, which requires a higher applied load as the closed crack is gradually opened. To obtain a full understanding of the overload-induced transient crack growth micromechanism, it is important to understand how the combined effects of the overload-induced enlarged compressive residual stresses and crack tip blunting with secondary cracks influence the transfer of stress concentration at the crack tip, the COL, the crack tip driving force and the crack growth behavior at various crack growth stages through the retardation period.
It is thought that there exists a certain critical stress value that must be reached to open the closed crack face in the wake of a fatigue crack. The required critical stress is influenced by the combined effects of the overloadinduced enlarged compressive residual stresses and crack tip blunting with secondary cracks. Thus, one way to quantify such combined effects is to investigate the critical stress value, which can be inferred from the changes in the elasticlattice strain below a load point where nonlinearity occurs, at various locations behind the crack tip. For example, the strain required to open the closed crack at the location of À2 mm in Fig. 2d is determined from:
De y ¼ e y ðP ¼ 0:3P max Þ À e y ðP ¼ P min Þ ð 2Þ Fig. 3 . Comparison of the crack opening load measured by electric potential [18] and in situ neutron diffraction.
When this required critical strain value is obtained at the À2 mm location, the closed crack opens and the stress concentration moves toward the crack tip, resulting in the onset of nonlinearity of the strain response at 0.3P max . Fig. 4a shows the critical strain values required to open the closed crack at various locations behind the crack tip. For all crack growth stages except stage 2c (after overloading; Table 1 ), a higher critical strain is obtained as the measurement positions approach the crack tip, which explains why a higher applied load is required during the crack opening process. The invariant strains at stage 2c result from the crack tip blunting that occurs immediately after overloading. It reveals that no critical stresses are required, because the crack face behind the crack tip is fully opened after the overload. Note that a critical strain gradient is associated with a transfer rate of stress concentration to the crack tip. The sharpest critical strain gradient observed at stage 5 (a maximum retardation point; Table 1 ) exhibits the most difficult transfer of stress concentration at the crack tip, which ultimately requires the highest crack opening load within the retardation period (see Fig. 3 ). The crack-opening strains, i.e. critical strains required to open the crack tip (0 mm), are compared in Fig. 4b . It should be noted that the changes in the critical strain at the crack tip are consistent with those in the COL (Fig. 3) .
It is interesting to investigate how much stress is applied immediately ahead of the crack tip after the crack tip opening at each stage. To obtain this information, an effective strain range (i.e. the change in the strain applied right ahead of the crack tip after the crack tip opening) is examined, as shown in Fig. 4c . The effective strain range is defined as follows:
A similar trend was observed in the results of da/dN vs. DK applied and DK eff vs. DK applied [18] . Note that the effective strain range is a result of the effective stress intensity factor range. The correlation between De eff and DK eff is examined in Fig. 4d . The results show a linear relationship between De eff and DK eff , which provides experimental support for the hypothesis that the DK eff can be considered as the fatigue crack tip driving force.
Conclusions
In situ neutron diffraction strain mapping was carried out to investigate the internal stress distributions in the vicinity of a fatigue crack tip under applied loads. The main conclusions are summarized as follows:
1. Before overloading, the stresses are initially distributed near the crack closure region, which are then transferred and concentrated at the crack tip with increasing applied load. 2. In the overload-retardation period, the combined effects of the overload-induced enlarged compressive residual stresses and crack tip blunting with secondary cracks lead to stress concentration in the crack blunting region (an overload point) until a maximum crack arrest load is reached. The stress concentration is then transferred from the blunting region to the propagating crack tip (following the overload), which requires a higher applied load as the closed crack is gradually opened. 3. The transfer phenomena of the stress concentration associated with the crack opening process account for the nonlinearity of strain response in the vicinity of the crack tip. 4. The delaying action of the stress concentration at the crack tip is understood in conjunction with the concept of a critical stress, which is influenced by the combined effects of the overload-induced enlarged compressive residual stresses crack tip blunting with secondary cracks suggested as the overload-induced transient crack growth mechanism (Part I [18] ). 5. When the crack tip is fully opened, stress concentration occurs at the crack tip, resulting in the most distinguishable strain response at about 2 mm ahead of the crack tip, which makes it possible to determine the bulkaveraged crack opening load using in situ neutron diffraction. The crack opening loads obtained from in situ neutron diffraction are in good agreement with those measured by the electric potential method. 6. A linear relationship between De eff and DK eff provides experimental support for the hypothesis that the DK eff can be considered as the fatigue crack tip driving force. 7. The control for the delaying action of the stress concentration at the crack tip seems to be a key to improving the damage-tolerant design in materials subjected to fatigue.
